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ABSTRACT

In 2014, the UCL Faculty of Engineering Sciences introduced the Integrated Engineering
Programme - a revision of eight existing degree programmes across a range of engineering disci-
plines. Centred on a thread of authentic project-based activities, the programme aimed to enhance
the students’ understanding of key theoretical concepts and heighten the development of key pro-
fessional skills. This paper provides an outline of the rationale for the various project-based activities
implemented, details their key features and described the impact these activities have had on the

students’ development of key skills.
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INTRODUCTION

Engineering schools have faced many calls to move their curricula away from the predominant
engineering science-based model and increase the emphasis on professional skills and practice
(Industry 2009, National Academy of Engineering 2004, Besterfield-Sacre et al. 2014, McMasters 2004,

Rugarcia et al. 2000, Moore and Frazier 2017) with this agenda gaining traction worldwide including

' Non-peer reviewed

FALL 2021 1



ADVANCES IN ENGINEERING EDUCATION
The UCL Integrated Engineering Programme

in India (Joshi and White 2020) and China (Zhuang and Xu 2018, Shaoping 2017). This has led to the
foundation of new schools such as Olin College in the US and NMITE and TEDI-London in the UK, but
also to significant revisions to existing curricula. To address some of these issues, the UCL Faculty of
Engineering Sciences launched the Integrated Engineering Programme (IEP) across eight of its dis-
ciplines (Mitchell et al. 2019) in 2014. The Faculty covers a range of engineering disciplines including,
Biochemical, Chemical, Civil, Electrical and Mechanical, as well as Computer Science and Management
Science and is highly research-intensive. Typical intake is between 800 and 1000 students per year in
those disciplines, with around 60% on the 4-year, integrated Master’s (MEng) route and the rest un-
dertaking a 3-year bachelor’s degree with 50% of the total cohort classified as overseas. The majority
of the programmes were well established and had been running in their previous form for many years.

A comparative analysis between the existing curriculum and the desired graduate attributions
as described by the literature referenced above, as well as our own focus groups with alumni and
employers, suggested that strong foundations in technical knowledge remained important. However,
they were no longer sufficient, and that an increased emphasis was needed on ‘employability skills’
and non-technical knowledge. In particular, employers valued communication, project management
and team working skills. Alumni were adamant that these must be integrated in curriculum and not
as add-ons if they were to be successful.

The curriculum revision took a pragmatic view of existing material and looked to construct
a framework whereby traditional taught elements were supported and enhanced by threads of
instruction in profession skills and projects to expose students to professional practice and draw
together knowledge and skills learnt in all parts of the curriculum (Graham 2018). In this paper, we
describe our approach to implementing a faculty wide reform of an engineering curriculum, from

both a pedagogical and a change management perspective.

PROJECT-BASED LEARNING

A range of options were considered to deliver the educational aspiration of the programme
drawing on the small but growing body of literature of wide scale curriculum change worldwide. A
number of notable examples where analysed including CDIO (Crawley et al. 2007), Design Based
Learning (Gémez Puente, van Eijck, and Jochems 2011), the Aalborg model of PBL (Kolomos, Fink,
and Krogh 2004), and various implementations in Australia (Mills and Treagust 2003, Hadgraft 1993,
Godfrey and Hadgraft 2009).

The educational literature was clear that Problem-Based Learning (PBL), and its variant, Project-

Based Learning (PjBL), which is commonly applied in engineering, had benefits in the development
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of transferable and professional skills (Shuman, Besterfield-Sacre, and McGourty 2005), although
evidence for impact on technical skills was less striking and sometimes questioned, especially when
measured by more traditional testing methods (Prince 2004). The history of the pedagogical prem-
ise that professional skills and practical ‘know-how’ are best learned by ‘doing’ within the context
of a real-world (authentic) projects can be traced back to the work of Killpatrick and Dewey over
a century ago (Heitmann 1996) and has been widely adopted, albeit often in limited forms in the
engineering curriculum in the UK and worldwide (Graham and Crawley 2010).

The project-based learning activities (Bell 2010, Kolmos and de Graaff 2014, Jollands, Jolly, and
Molyneaux 2012) implemented take a number of forms, but all are aligned and integrated with the
taught material elements of the programme to provide a variety of opportunities for students to put
their engineering skills - be they technical, professional or inter-personal - into practice in an authentic
and research-led environment. Definitions of PBL and PjBL vary across the literature (Hanney and
Savin-Baden 2013). One example is the framework of De Graaf and Kolmos (2003), who identified
project-organised learning as a model and described three ‘levels’ of projects, the task project, the
discipline project, and the problem project as drawn from (Kolmos 1996).

The curriculum is typified by a progression of projects, starting from 5-week task-projects in the
very early stages of year one, which are teaching-led and highly structured. However, this very quickly
moves to projects of the discipline-project type, more open-ended and although still scaffolded by
the teacher, introducing the demand that the student groups take some ownership of the direction
of the work. As students move through the first two years, they progress to problem-projects, highly
open and requiring problem definition from the learner.

Project work has become a norm across many professional sectors including IT and engineering, yet
there is still some ambiguity in received definitions in the academic literature. Hanney (2018) argues that
both the fields of organisational studies and of education suffer from similar forms of sloppy thinking
when it comes to defining projects as an object of study. In organisational and education literatures in-
terpretations tend to focus on ‘understanding the project as an administrative framework rather than...a
practice’ (Hanney 2018, p771). Worse than this, Hanney (2018) maintains that in the field of education,
“It appears...that custom and practice forms the basis of a folkloric body of knowledge that attaches
itself to a notion of professional authenticity for legitimisation” (Hanney 2018, p771). Such a scenario is
problematic for educators whose ability to theorise projects ought, perhaps, to form the basis for any
justification of project-based learning pedagogies. That said, there is a great deal of work that does
show that students learn well by undertaking PjBL (Shuman, Besterfield-Sacre, and McGourty 2005).

Elsewhere we have explored the concept of authenticity and argued that engineering undergradu-
ates do benefit from learning in contexts of projects that are authentic (Roach, Tilley and Mitchell 2018).

Cognitive realism (Brown, Collins, and Duguid 1989) embodied in the combined social and technical
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activity of project work seemed to be enough for students to value the project for its learning poten-
tial despite the fact that the deliverables, schedules and settings were not always entirely authentic.
Since we began working with the project as a pedagogical tool we have come to conceive of it as a
sociocultural practice or an activity system. The term originates from activity theory, and refers to the ob-
jectives, aims and social relations that converge in human doing, or acting (Engestrém et al 1999; Hardman
and Amory 2015). The central concern of the theory is to understand human activity as an object-directed,
culturally formed social system which has its own structure. It is beyond the scope of our discussion to
explore this theory and we use it here simply to direct focus on the project as a sociocultural system
of activities that integrates interpersonal, technical, and professional aspects of engineering expertise.
The PjBL activities at UCL are designed with the aim that technical knowledge and professional
skills delivered through a single culturally appropriate activity system, will reinforce learning of
social, practical and professional skills and technical knowledge at the same time. Each reinforces
the other because meaning is provided in both directions. This account is closely related to notions
of situated cognition and situated learning (Brown, Collins, and Duguid 1989) in which context (in

our terms ‘the project’) is understood to reinforce learning.

PJBL IN THE CURRICULUM

At UCL, the revised curriculum is centered around a project thread, but not dominated by it,
with students spending roughly 20% of their time on their project work. The rest of their time is
occupied by more traditional forms of instruction, which lead to (or follow from) the project work.
We describe the project strand of activity as being at the heart of the student experience. Although
students do experience different learning contexts, they all do projects that have a similar life cycle
which are designed to draw together learning from all the elements of the curriculum, from their
own discipline and cross-cutting threads such as mathematical modelling and professional skills.

The IEP comprises two broad components (Graham 2018):

1. A common curriculum structure shared by all engineering departments during years 1 and 2
of study with shared goals, format and assessment protocols across the Faculty. This common
curriculum framework integrates a number of key elements:

* Challenges: two immersive five-week projects at the start of year 1 introducing students to
the role and scope of engineering and setting a context for their studies;

* Scenarios: one-week intensive design project at the end of a five-week cycle to integrated criti-
cal engineering skills and knowledge developed through predominantly lecture based classes;

¢ Design and Professional Skills: a structured program of skills development that students can

apply and build upon in their Scenarios and Challenges;
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Figure 1. Structure of the IEP in the first two years of programmes.
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e Minors: specialisms at the interface between engineering disciplines, such as sustainable
building design, ocean engineering and regenerative medicines or out of discipline, such as
languages or entrepreneurship;
« Core engineering modules: largely discipline-specific engineering subjects.
2. Multidisciplinary experiences that bring together most or all students from each year-group
across UCL Engineering. These experiences are coordinated centrally by the Faculty and taught
by cross-Faculty teams. They include:
e Challenge 2: the second of two five-week Challenges held during year 1, where students from
across the Faculty tackle a multidisciplinary problem;
e common professional skills: a shared set of professional skills modules - around a quarter of
those taught in total - that are common to all departments;
« mathematics: an applied mathematics course taught Faculty-wide by engineering faculty;
¢ How to Change the World (HTCTW): a two-week multidisciplinary project at the end of
second year where students tackle open-ended problems within the framing of UN Sustain-
able Development Goals (SDGs).
The IEP focuses predominantly on the first two years of the BEng and MEng curriculum at UCL
Engineering with subsequent largely determined by each department.

All students entering engineering and computer science programmes engage in two, five-week
projects over the course of the first term as outlined in Figure 1 which shows the activities undertaken
in these first two years. These aim to introduce students to project and teamwork skills, provide time

for reflection on their practice and introduce them to the design process. The first 5-week project

FALL 2021 5




ADVANCES IN ENGINEERING EDUCATION
The UCL Integrated Engineering Programme

is discipline-based and is on a topic related to the research conducted in the student’s department.
Typically, students are placed in teams of 5-7 and asked to identify a problem and provide a proposed
solution that addresses not only technical aspects but also financial and logistical factors. Student
teams have addressed topics such as Sustainable Resources in Lagos, Pollution Control using Micro-
Organisms and Earthquake Relief in Chile. The second 5-week project is interdisciplinary in nature
and is taught in cohorts comprising of two or three departments. All students work on aspects of
the same project. Teams of 6-11 are asked to work to a design brief to construct and demonstrate a
prototype in addition to considering the influence of context on the project. Previously the central
project has been the construction of a vaccine production plant with aspects such as infrastructure,
control systems and vaccine production tackled by multidisciplinary teams.

Following these two foundation projects, most programmes adopt a model of four weeks of more
traditional style lecture-based instruction followed by one week of intensive ‘Scenarios’. This model
was pioneered at UCL by Civil, Environmental and Geomatic Engineering (Bell, Galilea, and Tolouei
2010) and later implemented in Electronic and Electrical Engineering (Thomsen et al. 2010). The
design-project based activities progress through years one and two, giving students the experience
of different stages of design and different applications of their knowledge.

In general, scenarios are active-learning, PjBL experiences in which student teams are presented
with some element of design and problem solving. In most week-long scenarios design involves
detailed prototyping, specification, testing or optimisation. Many scenarios also give exposure to
external partners in a range of different roles, from those who join students for a single teaching
session, to those who take on a full client-type relationship with individual teams. Central to the
model is the intention that the scenario is connected to the theoretical learning undertaken in the
more traditional classroom setting. Predominantly it follows instruction, allowing students to apply
theory and develop connections between mathematical, scientific techniques and professional skills.
It provides an ideal vehicle to counter the compartmentalisation of knowledge that is witnessed
in a modular structure, forcing students to draw from across the curriculum. It has also been used
to good effect to introduce more highly abstract concepts prior to formal classroom instruction.

As an example, in the Department of Civil, Environmental and Geomatic Engineering each scenario
is approximately 33% of a 15-credit module (with students undertaking 120 Credits per year) with
students assessed directly on their outputs and indirectly through a Year 1 competency-based reflec-
tive portfolio. A key element of all scenarios is to link the professional skills curriculum embedded
within the IEP framework to a technically-orientated activity. This curriculum thread introduces Year
1 students to topics such as: health and safety, ethics, leadership, teamwork, project management,
contracts and communication, along with key skills in technical drawing, map production and spatial

analysis in Geographic Information Systems (GIS), and computer-aided design. In Year 2 students
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expand their knowledge and proficiency in a similar more advanced curriculum including new
topic sessions, such as those on law, commercial awareness, research skills and project risk. There
is also a third parallel stream of design modules that support the development of design skills and
the application of theory to enable students to develop approaches, skills and confidence to take
forward into the scenarios. Therefore, as they approach each scenario, students are able to draw
upon their learning from more traditional Civil Engineering modules like Structures, Fluids, Soils,
Materials, Surveying and Maths, and combine it with their learning in Design, Professional Skills,
Impact Assessment and their experience of the IEP Challenges.

Currently, a range of different scenario projects, including Camden Town street renewal; the
sustainable design, build and operation of a new research facility; road and drainage design in rural
Wales (as part of the surveying residential field course); design of a sustainable rural school in Mexico
with integrated water management (managed with a partner Mexican NGO); a design for a new pe-
destrian and cycle bridge; and design of a new cultural heritage centre on the Godalming floodplain.

To give a sense of how a set of scenarios might fit together we take the example of the Department
of Biochemical Engineering and present an overview in Table 1 showing how engineering experiences,
technical knowledge and professional skills are developed in each of the scenarios. It shows how
scenarios build across the two-year to encompass a broader range of skills and technical knowledge.
In each scenario an industrial visit (scenarios 1and 5), a set of laboratory experiments (scenarios 2, 4
and 6) or a computer-based activity (scenarios 3) are included to support the teaching of engineering
practice. Students are initially briefed and guided through a problem, but they then independently
experience decision-making, troubleshooting, judging within different contexts, designing experi-
ments and carrying out market analyses. In all scenarios the topics are linked to one or more modules
taught within the same year and students are expected to revise and apply the subject knowledge
while working on their projects - highlighted as subject knowledge in the table. Whilst professional
and technical skills are integrated in these projects, a variety of communication skills are tested in
scenarios such as risk assessments and reflection on the team dynamics. In Year 1 the two scenarios
are aimed at familiarising students with process design and flowsheets and at appreciating the sci-
entific method via the planning and execution of research experiments. The ice cream manufacturing
scenario starts with a guided visit at an artisanal ice cream factory and then students are tasked to
analyse an existing company’s process and re-design it based on clients’ requirements. They have an
opportunity to analyse historical batch data and select from an equipment catalogue while they make
decisions based on mixing and heat transfer (transport processes) considerations.

In Year 2 the scenarios aim at consolidating students’ knowledge of unit operations and culminate
in the department’s flagship activity, Pilot Plant Week, where each team is involved in a short research

project, selected among different topics aligned with the department’s latest research priorities.
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One of the few exceptions to the one-week intensive pattern is an industry-led project run by UCL
Computer Science which, due to the strong involvement of multiple industry partners who act as
clients, requires that timetables are more flexible and so the project is conducted over the course of
two, ten-week terms. Annually, up to 150 computer science students take on genuine projects and
deliver functioning software or apps to a range of external partners, from Microsoft to the UK Na-
tional Health Service, charities and local government through the Industry Exchange Network (IXN).

The IXN approaches undergraduates as ‘consultants in training’ who require multiple experiences
of industry lead projects to learn effectively. Consequently, computer science students encounter
different projects and partners or clients, from a year 1 ‘light-touch’ industry experience to their first
real client-facing task in year 2 and beyond into years 3 and 4. This provides the opportunity for
students to develop the ability to manage various styles across different client sectors and projects.

The IXN projects teams of three are supported by a technical mentor from the partner organisation
along with a UCL teaching assistant, both of whom meet with students weekly. Students produce
and are assessed on a project portfolio, which includes the main project output as specified by the
partner, along with several pieces of course-work, all of which are applied to the project environ-
ment and delivered to the partner. For example, a legal report required of year 2 students across all
engineering departments is generated in the IXN from partner requirements and summarises the
legal position specific to each project. Likewise, a research report, elevator pitch, longer presentation
and a non-technical communications exercise are supported in workshops and translated directly
into project worlds by students.

At its core the IXN has the idea of situated cognition, where learning experiences are designed
around project tasks so that knowledge and experience are delivered together, creating a system in
which the one reinforces the other (Brown, Collins, and Duguid 1989). Testimony to this are the useful
products that have emerged from IXN such as Haskelly, the Visual Studio extension that supports
teaching and learning of the programming language Haskell, and Fizzyo, the app that encourages

young cystic fibrosis patients to embrace physiotherapy.

CHANGE MANAGEMENT

As might be expected in an engineering faculty, the process of curriculum development shared a
remarkable degree of similarity to an engineering project. A clear brief was desirable, but as with so
many engineering projects never precisely articulated at the outset due the considerable number of
constraints and trade-offs involved. Within the context of the programme leadership a number of ob-

jectives where clearly identified, with the acknowledgment that in existing and traditional programmes
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in a research intensive university, a certain level of realism was necessary, as was observed “a balance
between vision and ambition with a pragmatism about how we can make this work.” (Graham 2018).
This led to two important features of the model; first, a set of innovations that were disruptive enough
to ensure that superficial compliance would be difficult, but at the same time providing enough space
for traditional teaching methods to remain for those staff who felt unable to engage with the new
pedagogies. Secondly, the model drew heavily on local precedence, which allowed staff to reflect
on and experiment with the innovations being proposed. The process commonly elicited far more
nuanced discussions than had previously been experienced when novel approaches had been simply
presented as fait accompli. By involving staff in this way the model became the perfect foil for block-
ing comments, such as ‘not possible’ or ‘wouldn’t work here’.

It was also the case that a shift in culture within the university at large supported the develop-
ments. The team was fortunate to have support from all levels of senior management, not just
directly but also in a much more tacit attempt at rebalancing of institutional culture in the recogni-
tion of the importance of teaching as well as research. This is probably most notably highlighted
by the introduction of a new Academic Career Framework and the number of teaching focused
staff appointed to support the programme. While the ultimate success of this shift should be the
subject of a separate evaluation, the presence of the conversation alone offered an opportunity
to engage at least some staff that had previously been reluctant. At the time of the curriculum
design process, the |IEP was described as a framework. This was fitting and served to ensure that
the changes ‘stuck’ as a result of a clear structure, scaffolded with appropriate (although still not
fully prescriptive) specifications. However, as the developments have become embedded, we see
the emergence of an Integrated Engineering Philosophy, a set of principles that encapsulate the
values of the Faculty, but that also provide space for local innovations and adaptations to occur in
response to discipline specific context or practices. More importantly this philosophy is becoming

a set of guiding principles for future programmes.

IMPACTS OF PJBL ON STUDENT LEARNING

As with any new program, the IEP encountered several challenges and stumbling blocks in its
first year, particularly in terms of student engagement. Much of this was associated with a lack of
expectation setting for incoming students, who found it hard to understand how the experience of
team projects and open-ended design problems could advance their learning. In addition to this
the professional skills curriculum was perceived as disconnected and irrelevant to an engineering

education (Graham 2018). This was addressed by teaching teams through specific communications
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to set student expectations, the provision of linking materials to help students integrate their learn-
ing, and by adapting module or project curricula where necessary (Graham 2018). One of the major
turning points in student engagement happened as students began applying to their first summer
internships. As Graham (2018) describes, “many were surprised to find that their experiences in the
IEP Challenges and Scenarios “was all the interviewer wanted to talk to me about..he was asking
about how | dealt with conflict and how | managed my time and [| found that] | had a lot to say!l.””
(Graham 2018 p11) As the first IEP undergraduates passed into senior years, they took this experience
with them and communicated it to lower years.

By 2018 IEP students were embedded across all undergraduate years, and at this time a small
team of UCL staff undertook short interviews with students in situ in PjBL workshops during The
Challenges and years-1-2 scenario to ask them the simple question, ‘what have you learnt from
this experience?’. In general, technical learning was a common point of convergence for all these
students. In particular, they mentioned learning practical skills such as new software programmes,
programming languages, how to use equipment, how to do new calculations or how to apply some
of the mathematics techniques they had already learned. All is of course self-report and was not
assessed as such, yet it is an important indicator of how students conceptualise their learning.

Just as frequently students talked of group work, teamwork, and gave details about the pro-
cesses that the team engaged to carry out the activity. Year 1 students, only a few weeks into their
first project in The Challenges, already acknowledged the importance of the social aspects of the
activity, “The main thing, | think from the start is to cooperate with different people from different
backgrounds...it’s quite fun to actually work with them because you get to learn new experiences...”.
Other more experienced teams described structured processes, deliberately conceived to make

decisions and maintain social cohesion, as this year 2 biomedical engineering student explains:

“all three of us pitched an idea to each other. We then did what’s called a decision matrix
where you rate each design on a number of criteria...then we gave them scores and then

whichever one had the highest average score was decided.”

Although students did not often refer to the abstract notions of learned communication skills, or
learned teamwork skills, many did describe systems that demonstrated the impact of the PjBL experiences
on learning in these areas. One year 2 Biomedical student talked of the way the team used, “different
methods of keeping everyone up to date and in the loop including using Google Drive and setting an
action plan for every day” and after a pause they added, “...and [we] just sort of try really hard when
we get frustrated with the project and not let that become a team issue”. Here processes that foster

cooperation through communication, are integrated and linked to maintaining harmonious team activity.
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Many year 1 students talked of a peer to peer exchange of information and knowledge that facili-
tated their own learning during their first term of their first year at UCL. For one student the mix of
electrical and computer science students made for, “..quite a good relation” while a CS student ex-
plained, “...the biggest challenge for me was that | have absolutely no experience with electronics...so
| had to really read through a lot of things and ask...[an electrical student] a lot of things, he explained
a lot to me and it was so useful. So, this is on the technical side and on the team side you can rely
on the other person because he knows more on the subject and you shouldn’t be ashamed to ask.”.
Again, the activity of sharing knowledge is integrated in this student’s mind with sound teamwork.

Several students described learning about unexpected hitches and, ‘things that you wouldn’t nor-
mally think about’. A year 2 CS student on an IXN project discovered that transferring health data from
one source to another was not a straightforward business, “you might think, oh well to send a heart
rate, it’s just a value, whereas actually...every different hospital could do it in a different way and so
building a scheme that supports...[data transfer] is..more complex than | would have imagined.” Many
students described navigating hold-ups and issues of this kind, which they could not have anticipated
from the outset, but that required them to adapt and change their activity system to fit the context.

One of the most interesting of these areas was where students related to clients. The IXN student
projects drew forth a whole range of student comments about the client relationships that show
these teams learning to work with different kinds of actors within their systems and to understand
their different motivations. Some described the way in which the client “has the vision”, while the
teaching assistant could provide the expertise on how to achieve it. Some teams spoke of trying to
manage or influence client expectations, as one student put it, “..we have an experience of haggling
our requirements...and the clients themselves don’t know fully what we can achieve within the time
frame. So, we have to..negotiate what is capable within the time frame and that is something that
| guess we probably wouldn’t experience if were just given some requirements...”

In describing their own lived experience of these projects, these students demonstrated their ability
to integrate skills and understandings from all inputs, technical, professional, social and contextual
and combine them within a single activity system in order to meet the objective of delivering as-
signments. All of these students articulate learning beyond technical abstractions and this appears

to us to be one of the most important impacts of the core thread of PjBL in the IEP.

CONCLUSIONS

Although the majority of the revisions introduced by the IEP were based on existing practice -

predominantly at UCL, but also drawing on expertise from elsewhere - the scale of the revision to a

set of existing and successful programmes across an entire faculty of a research-intensive university
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is almost unprecedented. The central core of project activities forms a framework which, although
adapted to suit differences between departments, integrates the key learning objectives of the
programme. It also presents a pragmatic approach to faculty-wide curriculum development in the
context of the constraints faced when revising existing programmes. Longitudinal research on the
impact of the developments is ongoing, but initial findings suggest that the aim of integration of
technical and professional skills is enhancing the development of key engineering competencies in

this and other ways (Detmer et al. 2018, Direito et al. 2018, Nyamapfene and Lynch 2016).
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